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Amorphous indium gallium zinc oxide (a-IGZO) has been widely recognized as a promising alternative to hydrogenated amorphous silicon (a-Si:H) for the semiconducting channel in thin film transistors (TFTs) for display applications. This is due to the high field effect mobility, high transparency, and possibility of low temperature deposition which makes a-IGZO suitable for flexible substrates such as plastic and paper.
1,2 Particular attention has been paid to TFT stability which is vitally important for commercial exploitation. In devices fabricated with a high-quality gate dielectric and low defect density interfaces, a-IGZO TFTs exhibit a positive shift in the threshold voltage (Vth) under positive bias stress (PBS), 3-5 a negative shift under a negative gate bias illumination stress (NBIS), 6, 7 and almost no shift under negative gate bias in the dark. Possible mechanisms for threshold voltage shifts include a change in the defect distribution in the channel semiconductor or charge trapping in the gate insulator and/or at the insulator-channel interface. The time and temperature dependence of the threshold voltage shift during stress and recovery has been generally fitted to a stretched exponential model, where the time constant and the stretch parameter have been extracted. [3] [4] [5] [6] [7] These values vary largely owing to the different stress conditions used. Moreover these parameters do not directly offer further insights into threshold voltage shift mechanisms and additional electrical measurement 7 or device simulation 5 are often employed in an attempt to gain some further physical understanding.
On the other hand, a thermalization energy analysis allows two parameters with some physical interpretation to be extracted from bias stress data: the distribution of energy barriers to the bias stress process, and an associated attempt-to-escape frequency which is related to charge carrier localization. 8 Such an analysis has previously been used to describe a microscopic model for defect creation which explains the threshold voltage shift in a-Si:H TFTs under bias stress.
9-11
The concept of the thermalization energy starts with the assumption that a material contains a number of sites which may be converted into defects by some means (a gate bias, for example). Each site has a particular energy barrier to the conversion process, and so the material as a whole will have a distribution of energy barriers, ( ). An attempt is made to overcome this energy barrier at each site ν times per second, and this is known as the attempt-to-escape frequency. To a first-order approximation, after a time, t, and at a temperature T, all the states with an energy barrier less than or equal to the thermalization energy,
will have been converted to defects (i.e. sites with the lowest energy barrier are statistically likely to be converted most quickly). Here, kB is the Boltzmann constant. In this way, the time and temperature dependence of the threshold voltage shift is correlated to energy and that energy can be represented in a distribution curve. The maximum of this distribution is a measure of the energy barrier to the threshold voltage shift process and ν is the frequency of the attempts made to overcome this barrier.
Recently, Flewitt and Powell applied this analysis to a-IGZO TFTs under NBIS. They extracted an energy barrier of 0.65 -0.75 eV and an attempt-to-escape frequency of 10 6 -10 7 s -1 , and based on these results they proposed an oxygen vacancy defect migration model to explain the threshold voltage shift process in a-IGZO TFTs under NBIS which they suggested should be valid for PBS also. 12 However, their work did not include a thermalization energy analysis of experimental PBS data; this is the subject of this paper.
The a-IGZO TFTs subjected to PBS have a bottom-gate structure consisting of a 30 nm a- 
where Vth(t) is the threshold voltage after some stressing time t, Vth(0) is the threshold voltage before stressing and Vth(∞) is the value to which the threshold voltage is tending after a long stressing time. The normalised threshold voltage shift can in turn be presented as a function of energy using Eq. 1 as shown in Fig. 3(a) . The fit parameter, ν, is determined by systematically trying different values for ν in Eq. 1 and replotting the ∆Vn(t) data as a function of energy. If the value for ν is incorrect then the ∆Vn(t) curves for the three temperatures will not overlap. Figure   3 (a) shows that an optimal overlap occurs for ν = 10 7 s -1 in this study. Also shown as a solid line is the stressing data fitted to a stretched hyperbola
where EA and kBT0 represent a measure of the characteristic energy barrier for the process and the width of the energy distribution. As the threshold voltage shift is a cumulative process (all sites with an energy barrier less than or equal to Eth are converted), then the distribution of energy barriers ( ) is obtained in Fig 3(b) by differentiating the curves in Fig. 3(a) . A peak value Emax of 0.75 eV and a full width at half maximum ~0.1 eV are obtained. These values are compared -6-with those previously extracted for NBIS in a-IGZO in Table I . The most remarkable feature of these results is that the attempt-to-escape frequency and peak energy are the same for both processes. This suggests that the same fundamental mechanism is responsible in both cases.
The authors have previously considered the processes that might be responsible for bias stress effects in a-IGZO TFTs, and set out five key features that any microscopic model must explain. 12 With some minor refinement in the light of the quantitative thermalization energy analysis of PBS experimental data in this study, these are:
1. a negative shift in the threshold voltage occurs for negative gate bias and a positive shift occurs for positive gate bias;
2. illumination with light is required to induce a negative threshold voltage shift, whereas positive threshold voltage shifts occur both with and without illumination;
3. the threshold voltage shift is metastable, and the rate of shift is strongly temperaturedependent in the range from room temperature up to ~400 K when structural changes are not occurring;
4. the energy barrier to the instability mechanism is ~0.75 eV; and 5. there is an attempt-to-escape frequency of ~10 7 s -1 associated with the instability process.
The authors then proposed an oxygen vacancy migration model. The key feature of the model is that, unlike in a-Si:H, the threshold voltage shift in a-IGZO TFTs is not due to a defect creation process, but to a change in the energy distribution of states in the band gap upon defect migration. Under PBS, the field-induced electrons encourage the conversion of charged VO As shown pictorially by the authors in Fig. 4 of Ref. 12, the barrier to defect redistribution is always the movement of an oxygen atom or ion through an interstitial site in this -8-model, and this should determine the energy barrier for the process. The peak in the energy barrier distribution for NBIS and PBS is extracted to be ~0.75 eV in both cases, but there is a difference in the width of the energy distribution for the two cases. The full width at half maximum (FWHM), which is ~kBT0, is ~0.1 eV in PBS but ~0.25 eV in NBIS (Table I) . A key difference between the two processes in the vacancy migration model is that PBS requires the movement of an O 2-ion whereas in NBIS the migrating oxygen atom is uncharged. Robertson and Guo have used ab initio modelling to calculate the oxygen interstitial formation energy for the most stable position in a-IGZO. 13 The formation energy of an uncharged interstitial is ~0.6
eV and is independent of the Fermi energy, whereas that for the interstitial with a 2-charge varies with Fermi energy from a maximum of ~0.6 eV. This suggests that the charged ion is more sensitive to variations in local disorder, and that this results in the greater width of the energy distribution for NBIS compared with PBS, but the magnitude of the energy barrier is similar, as measured in this work.
The observation that the attempt-to-escape frequency is also approximately the same for PBS and NBIS (~10 7 s -1 ) suggests that the charge localization length for both processes (Eqs. 4 and 5) is similar. The measured attempt-to-escape frequency is approximately a factor of 10 6 smaller than phonon frequencies (~10 13 s -1 ), and so localization volume is larger by a similar factor compared with the volume of space occupied by an electron in a bond, meaning that localization length is increased by ~10 2 . Therefore, assuming bond lengths ~0.1 nm, this gives a localisation length ~10 nm for both processes. 8 Kamiya et al. have investigated carrier transport in disordered amorphous oxide semiconductors. 14 They find that transport is best described by a percolation model in which carriers have to overcome barriers to conduction of varying height which are separated by a characteristic length, Li. Their observations suggest that Li must be much greater than the mean free path of the carriers, which is less than ~1 nm for electrons. 
